Dual-Doppler data collected during the Ta iwan Area Mesoscale Experiment (TAMEX) were used to study the kinetic energy balance of a subtropical prefrontal rainband over the Taiwan Strait. Fields of the system-relative wind and reflectivity were derived in a horizontal domain of 36 km by 40 km using the objective analysis scheme with 1-km grid spacing in all three directions, except in the lowest two levels where the height increment was chosen to be 0.5 km. There were ten analysis levels in the vertical ranging from 0.4 to 8.8 km. Vertical velocities were computed from the anelastic continuity equation by integrating downward with variational adjustment. Subsequently, fields of perturbation pressure and temperature were retrieved from a detailed wind field using the three momentum equations.
INTRODUCTION
It is well documented that atmospheric processes are characterized by various scales of motion, ranging from large-scale, meso-scale, to small-scale turbulent eddies. Observational evidence has revealed that non-linear scale interactions are mainly responsible for transferring kinetic energy (KE) from one scale to another. Mesoscale phenomena, e.g., convective storms and squall lines, are affected by both larger and smaller scale eddies. During the developing and mature stages of these mesoscale disturbances, the large-scale environments are considerably modifi ed as a result of scale interactions or "feedback" mechanisms. These dynamic interactions are very complicated in nature and have not been well understood, yet.
One way of investigating these feedback processes is to examine the KE balance of the storm's surroundings, e.g., Fuelberg and Printy (1984) , etc.
Case studies by Ninomiya (1971) , Maddox (1980) , and many others have shown that storm-environment interactions result in a mid-tropospheric warming and ascent, strong low level convergence and upper-level divergence, regions of upper-level ridging and anticyclonic flow, and the formation of jet maxima on their poleward sides in the storm's surr oundings.
Additionally, mesoscale investigations of storm-environment interaction by Ogura and Chen (1977) , Sanders and Emanuel (1977) , Ogura and Liou (1980) , Vincent and Carney (1982) , Fuelberg and Jedlovec (1982) , etc. have confirmed the findings that were observed at the synoptic scale. Nevertheless, more detailed studies are needed in order to better understand the physical mechanisms involved.
Unlike the synoptic and mesoscale case studies mentioned previously , there are very few observational studies in the literature that describe the effects of convection on its meso-1-scale environment. Using the dual-Doppler data collected during JAWS (Joint Airport
Weather Studies), Lin and Coover (1988) conducted a KE analysis of a microburst-producing thunderstorm with 0.5-km grid spacing. Lin et aL (1991) studied the KE budget of a subtropical squall line over the Taiwan Strait based on the dual-Doppler measurements during the project of TAMEX (Taiwan Area Mesoscale Experiment). Results showed that vertical totals of the horizontal generation and total buoyancy production terms acted as a source of KE, while vertical totals of dissipation and vertical generation provided the main sinks.
The horizontal flux convergence (divergence) of KE was nearly balanced by the vertical flux divergence (convergence) at most levels. The vertical total of KE change was negative for both the observed and computed values, showing the decrease of total KE of the squall system as it approached the west coast of Taiwan.
The purpose of this study was to conduct a KE budget study of a subtropical convective rainband as it approached the northwest coast of :rai wan. The KE budgets are assessed over the horizontal domain of 25 X 40 km2 covering the convective and stratiform regions. The important physical processes contributing to the KE budget are investigated in detail. In particular, the interaction of energy-generating processes with their meso-1-scale environment can be better understood by using the KE budget equation. Further, such a budget study can lead us to a better understanding of how areas of organized convection modify their larger scale surroundings in the subtropical environment. It facilitates direct comparisons with the previous meso-1-scale KE analysis during TAMEX IOP 2 (Lin et al., 1991) and other mesoscale KE analyses reported. The goal is to gain a better understanding on how the convective rainband modifies the wind and thermal structure of its surrounding environment through scale interaction.
DATA AND METHODOLOGY
In turbulent theory, scale interaction means the numerous interactions in a continuous spectrum of eddies of all sizes. Factual evidence reveals that on the average the mesoscale is much like a continuous spectrum of scale. In reality, the spectrum of aunospheric motions is smooth and continuous between the limits imposed by the mean free path of the molecules on the short end and the circumference of the earth on the large (Emanuel, 1986) . The non-linear dynamical equations of motion contain information about atmospheric motion and transport over a broad range of spatial scales, ranging from large-scale to small scale turbulent eddi _ es. However, only the statistical properties of the turbulent eddies can be properly described, and an average operator must be introduced to obtain the statistical mean (Cotton and Anthes, 1989) . Anthes (1977) introduced several methods of averaging the dynamical equations. For a smaller domain in which clouds comprise 50 to 100% coverage of the domain the classical Reynolds averaging method, by considering the convective clouds as eddies superimposed on a larger scale flow, becomes more suitable.
This study is an extension of the study by Lin et al. (1992) . Dual-Doppler data from the CP-4 and TOGA radars at 0653 and 0700 LST (local standard time) 25 June 1987 during TAMEX were used to investigate the structure and internal dynamics of a subtropical prefrontal convective rainband. These data were objectively analyzed onto the horizontal Cartesian grids (36 km X 40 km) at each analysis level using a 1-km grid spacing in all three directions . The '�resolvable" scale (one-half wavelength) in this study is 3 km or greater. It follows that features associated with large-scale, meso-a:-scale, meso-_t1-scale and meso-1-scale (Orlanski, 1975) are adequately resolved in the curr ent study. These features were presented at ten analysis levels from 0.4 to 8.8 km. Because of the lack of "good" data (i. e., high signal-to-noise ratio data), in the upper troposphere, analyses were confined to those levels below 9 km. However, in the calculation of vertical velocity, the storm top is assumed to be at 11 km.
Vertical velocities were computed from the anelastic continuity equation by integrating downward from the storm top with variational adjusunent. Subsequently, fields of deviation perturbation pressure and virtual temperature were retrieved from the Doppler-derived winds using the three momentum equation, e.g., Gal-Chen (1978) , etc.
Following the study by Lin and Coover (1988) , the KE equation for a nonhydrostatic system can be written as
where {( )} = (1/area) J J( ) dxdy, K3 = (u2 + v2 + w2){l is the total KE per unit mass, the subscript 0 represents the environmental mean, the prime denotes the deviation from the environmental mean, and the other symbols have their conventional meanings.
Notice that the horizontal domain with dimensions of 25 km by 40 km was employed to obtain the area mean of each quantity in the KE budget equation (1). This mean quantity represents the averaged propeny obtained in the meso-1-scale environment in relation to the convective-scale eddies embedded within the system.
Te rms on the right-hand side of (1) represent the horizontal flux divergence (HFD), the venical flux divergence (VFD), the horizontal generation (HGE), the vertical generation (VGE), the total buoyancy production (BUP), and the frictional dissipation (FDI) of KE, respectively. Physically speaking, the horizontal and vertical flux divergence terms (HFD and VFD) represent the interaction between the convective-scale eddies, embedded within the rainband, and their meso-')'-scale surroundings. These two terms do not generate KE, but rather redistribute KE within the system and transfer it from one scale to another. The generation terms (HGE and VGE) denote the generation of KE, or conversion of potential energy (PE) to KE, by ageostrophic flow. If the wind blows from high pressure to low pressure (downgradient), KE will be gained as a result of mechanical work done by the pressure gradient force. Conversely, if the flow blows from low pressure to high pressure (countergradient), then KE will be lost or converted to PE. The total buoyancy production term (BUP) is composed of the contributions of thermal buoyancy (BUO) and precipitation loading. Values of BUO are positive when the warm air rises, due to latent heat releases by condensation, and cold air descends, due to the combined effects of evaporative cooling and precipitation loading. Finally, the frictional dissipation term (FDI) shows the dissipation of KE by subgrid-scale ( " unresolvable" scale) processes.
DISCUSSION OF RESULTS
Two volumes of dual-Doppler data at 0653 and 0700 LST 25 June were considered in this study. At the times of analysis, the system traveled from 330° at 2.5 ms-1 • This speed was much slower than that reported in studies by Carbone (1982) and Lin et al. (1990) .
Rainband Characteristics
Some structural features of the prefrontal rainband under investigation were detailed in studies by Lin et al. (1992) and Lin et al. (1993) . This rainband developed on the warm side of the Mei-Yu front over northwestern Taiwan as the front was approaching the northwest coast. The southwesterly monsoon flow in the warm sector was accompanied by a low-level jet (LLJ) near the 900 mb level. The cold front provided large-scale lifting in the boundary layer to initiate organized convection along the front. In the middle and upper troposphere, the reflectivity core associated with the frontal updraft was elongated toward the southeast in the direction of the environmental shear. This reflectivity core induced a weak convective downdraft ahead of the surface front due largely to precipitation loading. The descending air of the downdraft resulted in cool diverging outflows in the boundary layer, triggering new convection on the southeast side of the rainband. The prefrontal rainband traveled slowly south-southeastward at 2.5 ms-1, and consisted of many cells in a narr ow band. Each cell was accompanied by the moderate convective updraft and downdraft. The rainband produced heavy precipitation on the west coast of Taiwan. Figure 1 shows fields of the horizontal system relative wind, with reflectivity contours superimposed, and horizontal divergence at 0653 LST for 0.35 km. A distinct line of wind shift (heavy broken line) is seen (Figure la) . This line matches well with the position of the Mei-Yu front and exhibits a wavy pattern, showingthe mesoscale structure (Lin et al., 1992) .
The position of the wind-shift line coincides with the zone of horizontal convergence ( Figure  lb) . On the left side of the wind-shift line, the winds are predominantly from the northwest, transporting cooler, drier air from northern China to the Taiwan Strait Conversely, the south west monsoon prevails in the warm sector to the southeast of the wind-shift line. It transports high-Be air from the South China Sea to the Mei-Yu front. Such air feeds the convective updrafts, resulting in a widespread area of upward motion in the vicinity of the wind-shift line (see areas of convergence in Figure lb) . Conversely, downward motion dominates in a broad area southeast of the wind-shift line. Such downward motion is ass ociated with the precipitation-induced convective downdrafts in the warm sector (Lin et al., 1992 and Lin et aL, 1993) . These convective downdrafts (see areas of divergence irt Figure 1 b) generate cold outflows in the boundary layer. Part of these cold outflows moves toward the southeast, interacting with incoming high-Be air from the southwest to form a gust front (dotted line). This gust front indicates the leading edge of the rainband. It is characterized by low-level convergence, upward motion, high reflectivity, and slight wind shift. Figure 2 displays the system-relative wind with reflectivity contours superimposed at 0653 LST for 2. 7 5 km. The box in the figure signifi es the horizontal domain used for budget calculation. The approximate position of the surface cold front (heavy broken line) is indicated in Figure 2b . Notice that upward motion (hatched) dominates in a broad area along the surface front with a maximum of 8-9 ms-1 due largely to frontal lifting in the boundary layer. In a similar manner, upward motion also prevails in the areas along the surface gust front (dotted line) on the southeast side of the front. The reflectivity cores (shaded) associated with the frontal updrafts are tilted toward the southeast (right side of Figure 2 ) with the shear. Convective downdrafts form in the high reflectivity regions due to precipitation loading. As noted earlier, these downdrafts carry much cooler air downward, resulting in cold outflows at low levels (Lin et al., 1993) . Part of these cold outflows interacts with the high-Oe monsoon flow to initiate new convection along the gust front (dotted line). New cells move toward the east-northeast at higher speeds (6-7 ms-1) following the prevailing flow in the warm sector.
These new cells eventually merge with the old cells to maintain the lifetime of the rainband (Lin et al., 1992) .
Kinetic Energy Budget
Budgets of the total KE, per unit volume, were caiculated from (1) by integrating over a 25 X 40 km2 horizontal domain at each level. Figure 3 shows vertical profi les of the horizontal flux convergence (RFD) and the vertical flux convergence (VFD) of KE in units of 10-3 W m -3 • A positive value indicates the flux convergence and vice-versa. Note that the RFD term is positive (flux convergence) at heights, below 4.5 km and is negative (flux divergence) higher up. Conversely, values of VFD are negative at levels below 4 km and positive aloft. These two terms have the same order of magnitude, but opposite signs at most levels. The total flux term (TFD) represents the three-dimensional distribution of the flux convergence/divergence of KE due to storm-environment interactions. A positive value of TFD shows an increase.in mean KE through "feedback" mechanisms by redistributing KE within the system and transferring it from convectiye-scale eddies to their meso-1-scale gain of KE in the layer between 3 and 7 km with a net loss in the layers above and below. The mean vertical transport of KE, p0 K 3 W , by organized convection is predominantly positive from the surface to 8.5 km with the maximum ( 102 W m-2 ) occurring in the 3-4 km layer (Figure 4 ). This finding clearly shows that the mean KE in the meso-1-scale surroundings is substantially increased in the middle troposphere at the times of convection due to storm-environment interactions mentioned previously. As stated in Lin et al. (1993) , the frontal lifting in the boundary layer together with positive buoyancy aloft are responsible for an upward transport of kinetic energy.
Vertical variations of VGE and BUP are illustrated in Figure 5 . For comparison, the TFD term discussed previously is also displayed. Notice that magnitudes of VGE and BUP are much smaller than .tho . se of HFD and VFD (Figure 3) at most levels. The VGE term has negative values at heights below 4.5 km with positive values aloft. The total buoyancy term (BUP) is nearly balanced by the vertical generation term (VGE) at most levels. The BUP term consists of the contributions of thermal buoyancy (BUO) and precipitation loading. The latter nonnally has a negative contribution to BUP, while' the former can either be positive or negative. Values of BUO are positive when warm air rises and cold air descends. Conversely, BUO becomes negative when warm air is forced to descend and cold air is lifted upward.
Notice that values of BUP are positive in the layer below 4 km. In this layer, the warm air ascends within the convective updraft, due to the latent heat release by condensation, resulting in a gain of KE over that layer. In the same layer, the cool air descends within the convectiye downdrafts, due to evaporative cooling and rain loading, resulting in a positive generation of BUP. Values of BUP become negative in the layer above 4 km. In this layer, the precipitation loading term overcomes the BUO term, hence values of BUP become negative. 
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The computed tendency (LTK) is obtained from (1) as a residual. This term should equal the sum of the net generation/dissipation inside the mesoscale domain and the net flux through the lateral analysis domain boundaries. Because of the uncertainty.in wind, pressure, and temperature estimates (Lin et aL, 1991) . the tendency term must be interpreted with caution. Note that values of LTK are negative in the layers below 2.5 km and above 7 km.
and positive in the layer between 2.5 and 7 km (Figure 6 ). This finding shows that there is a net increase in KE in the middle troposphere, and a net decrease in the lower and upper troposphere. It is in qualitative agreement with the observation. As depicted in the study by Lin et al. (1992) . the observed environmental winds significantly increased in the middle troposphere and decreased in the lower troposphere at the times of convection. As a result of organized convection associated with the rainband being investigated, the middle-level jet (MLJ) with a maximum of 23-25 ms-1 formed in the 600-400 mb layer, and the preexisting LLJ reduced in intensity considerably (Figure 7 ). According to Lin et al. (1993) , the flux divergence of the vertical transport of horizontal momentum in the lower troposphere with the flux convergence in the middle troposphere were largely responsible for the generation 
;. In a similar manner, a decrease in mean KE in the lower troposphere is largely attributed to the redistribution of KE and transfer of KE from one scale to another through scale interaction mentioned before. Notice that the decrease in mean KE is nearly offset by the increase at midlevels (see Figure 6 for comparison). It demonstrates that the strong KE associated with an LLJ is being transported upward (Figure 4 ) to develop an MU at the times of intense convection. In other words, both the mean horizontal momentum and KE in the immediate environment of the convective system can be effectively redistributed and transferred through scale interaction as a result of organized convection. Consequently, an MU formed and an LLJ weakened as supported by the upper air data (Figure 7 ). Table 1 presents budgets of the total KE averaged over a 25 X 40 km.2 horizontal domain and integrated over a depth of 1 km. Note that terms HFD and VFD have the same order of magnitude but opposite signs at most levels. Magnitudes of these two terms are much larger than the other terms in (1 ), especially in the lower and upper layers. The horizontal generation term (HGE) is positive at all levels, showing a net gain of kinetic energy. Like the flux terms, the vertical generation term is nearly balanced by the total buoyancy production term at most levels. On the other hand, the frictional dissipation term contributes negatively to the growth/decay of KE at every level. The computed tendency shows the increase of KE with time in the middle layer (2-7 km), and the decrease in the lower and upper layers. The vertical total for LTK is -6.4 W m-2 , showing a net decrease of total KE within the rainband at the times of investigation.
Vertical Totals of Kinetic Energy

CONCLUSIONS
The Doppler-derived winds and retrieved thermodynamic variables on 25 June 1987 during TAMEX were used to investigate the KE balance of a subtropical· prefrontal rainband over the Taiwan Strait. Results show that convective-scale eddies within the system effec tively redistribute and transfer KE from one layer to another. The dynamical interactions between the convective-scale eddies and their meso-;�scale smroundings result in a forma tion of an MLJ and a demise of an LLJ at the times of intense convection in agreement with observation. A KE budget study reveals that the horizontal and vertical flux divergence terms are dominant over the other terms in the budget equation. These two terms have the same order of magnitude, but opposite signs at most levels. Sources of KE come from the terms of horizontal generation, vertical generation and vertical flux 'Convergence of KE, while the horizontal flux divergence, total buoyancy production and frictional dissipation terms are sinks of KE. The vertical total of KE change is negative, indicating the decrease of KE within the rainband at the times of analysis.
